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INTRODUCTION 


This  report  describes  an  exper imental  program  conducted  by  Southwest 
Research  Institute  (SwRI)  for  the  U.S.  Army  Armament  R & D Command,  Dover, 
New  Jersey  under  Contract  Number  DAAA21-76-C-0254.  As  part  of  the  Army 
Plant  Modernisation  Program,  air  blast  parameters  have  been  measured  in  the 
past  for  single  explosive  sources,  and  propellents  and  pyrotechnics  in  their 
in-process  and  final  product  forms. 

In  a plant  process  there  are  often  multiple  explosive  sources  within 
a single  room,  on  a conveyor  or  near  a barricade.  Currently,  structures 
which  may  be  loaded  by  simultaneous  or  near  simultaneous  multiple  detona- 
tions are  designed  according  to  Section  4-17  of  Reference  1 According  to 
this  document,  the  Impulse  loading  on  the  structure  is  approximated  by  the 
numerical  sum  of  the  impulse  which  would  be  generated  by  each  individual 
explosion  whenever  the  combined  duration  is  less  than  1/3  of  the  response 
time  of  the  structure.  For  combined  durations  longer  than  1/3  the  struc- 
ture response  time,  the  actual  pressure-time  history  should  he  replaced  hv 
a fictitious  peaked  triangular  pulse  similar  to  that  for  a single  explo- 
sion. The  objective  of  this  program  is  to  investigate  blast  phenomena 
near  a reflective  surface  due  to  multiple  simultaneous  detonations  at 
small  scaled  distances  This  information  will  be  used  to  supplement  the 
information  contained  in  Reference  1.  Eventually,  it  is  hoped  that  this 
Information  will  lead  to  a more  realistic  design  of  buildings  used  for  the 
manufacture  of  explosives  and  propellents. 

In  this  program,  the  blast  parameters  of  several  charge  geometries 
were  measured  at  different  charge  spacings  and  standoff  distances.  At  large 
distances,  the  shock  fronts  from  several  charges  detonated  simultaneously 
should  coalesce  and  be  more  or  less  indistinguishable  from  that  of  a single 
charge  with  an  equivalent  amount  of  explosive.  To  ensure  that  measurements 
were  made  before  the  individual  shock  fronts  had  begun  to  coalesce,  the 
transducers  were  placed  at  small  scaled  distances  (Z  <_  1,2  m/kg*/-*  or 
3.0  ft/lb*'*).  Since  this  was  an  exploratory  program,  the  tests  were  organ- 
ized in  the  following  manner. 

. The  number  of  charges  was  held  constant  at  three. 

All  three  charges  were  detonated  simultaneously. 

The  in-process  explosive  sources  were  simulated  with 
Composition  B spheres. 

. Three  charge  geometries  were  investigated:  Grouped,  Horizontal 
and  Vertical  Arrays. 

. The  spacing  between  charges  in  the  horizontal  and  vertical 
array  tests  was  uniform. 

The  blast  parameters  measured  included  peak  pressure,  specific  Im- 
pulse, positive  duration  and  time  of  arrival.  The  pressure-time  traces 
were  recorded  with  piezoelectric  transducers  and  the  impulse  was  obtained 
by  integrating  the  pressure  histories. 
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A total  of  44  testa  was  conducted  In  tour  test  geometries.  Nino 
transducers  were  placed  at  regular  intervals  in  a straight  line.  The  test 
charges  were  suspended  above  a reflective  surface  at  scaled  distances  rang- 
ing from  0.335  m/kg1/3  (0.84  ft/lb1/3)  to  1.18  m/kg1/3  (3.0  ft/lb1/3). 

Each  charge  was  Initiated  with  an  exploding  bridgewlre  detonator.  A series 
of  single  charge  tests  was  used  to  establish  a baseline  from  which  the 
relative  blast  output  of  multiple  versus  single  charges  could  be  determined. 
This  aeries  of  tests  was  also  used  to  check  out  the  instrumentation  system, 
for  calibration  and  to  validate  the  model  analysis.  A series  of  tests  in 
which  three  charges  were  grouped  together  was  conducted,  These  tests  were 
designed  to  determine  whether  charges  packed  together  behave  the  same  as 
a single  charge  of  equivalent  weight.  The  horizontal  array  tests  may  be 
thought  of  as  simulating  a conveyor  system  or  explosive  sources  distributed 
horizontally.  Charge  spacing  and  standoff  distance  were  varied  in  these 
tests.  Of  particular  Interest  in  the  horizontal  array  tests  was  the  possi- 
bility of  regions  of  etdianced  pressure  and  impulse  between  the  charges. 

The  final  tests  were  conducted  to  determine  the  blast  output  of  charges 
suspended  above  the  ground  in  a vertical  array. 

In  this  report  a technical  discussion  is  given  in  which  the  model  law 
is  developed.  The  model  law  was  used  to  design  the  experiments  and  Interpret 
the  data.  The  section  entitled  Experimental  Program  outlines  the  test 
program,  the  instrumentation  used  to  measure  the  blast  parameters  and  the 
data  reduction  methods.  The  resulting  data  are  presented  principally  in 
the  form  of  graphs.  Comparison  of  the  blast  output  of  single  and  multiple 
charges  is  made,  and  tables  of  all  the  test  data  are  included  as  an 
Appendix  to  this  report. 
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TKl'HNIUAl.  DISCUSSION 


Conor m l 


The  blast  output  from  tho  detonat ion  of  a single  oxplosivo  souroo  In 
tho  free  fioUl  has  boon  wo  11  dot  l nod  tor  many  yours.  A complete 
doscrlptlon  of  tho  blast  output  Is  found  In  Roforonoo  . To 
bottor  dosoribo  tho  charaotor  1st tos  of  tho  simultaneous  detonat ton  of 
sovoral  charges,  a short  description  of  tho  blast  output  from  a single 
charge  is  appropriate. 

When  an  explosive  source  Is  detonated,  the  rapid  release  of  energy 
causes  a sudden  Increase  in  pressure  in  tho  immediate  vicinity  of  tho 
souroo.  The  region  of  high  pressure  or  shook  front  is  characterized  by 
a near  instantaneous  increase  from  ambient  conditions  (i.o.,  pressure, 
particle  velocity,  density  and  temperature)  to  peak  shock  front  condi- 
tions. The  shock  front  expands  radially  from  the  center  of  the  source 
at  a decreasing  rate.  The  time  variations  of  blast  parameters  of  pres- 
sure, density,  particle  velocity  and  temperature  at  am  point  away  from 
the  charge  center  have  similar  charact or  1st ics.  Pressure  is  shown  in 
Figure  1.  The  shock  front  arives  at  the  point  in  question  at  some  time, 
ta,  and  the  pressure  rises  almost  instantaneously  to  the  peak  value,  Ps. 

Tlu  ’pressure  then  decays  exponentially  to  the  ambient  pressure  in  a 
time,  ’tj.  The  period  from  the  initial  arrival  ot  the  shock  until  the 
pressure  has  decayed  to  the  ambient  conditions  is  known  as  the  positive 
phase  duration.  Thereafter  the  pressure  drops  below  the  ambient  condi- 
tion for  a time  longer  than  the  positive  phase  before  returning  to  the 
initial  value.  This  period  is  known  as  the  negative  phase  duration. 

Although  all  of  the  blast  parameters  are  somewhat  similar,  the  actual 
positive  and  negative  phase  durations  tor  pressure  are  not  necessarily 
the  same  tor  the  other  shock  front  parameters. 

Consider  now  the  case  of  three  charges  detonating  simultaneously.  The 
three  charges  will  each  produce  separate  shock  fronts  which  will  arrive  at 
some  point  in  space,  sequentially.  As  the  obaervat ion  point  moves  farther 
from  the  charges,  the  later  arriving  shock  waves  will  begin  to  overtake  the 
initial  shock.  This  is  because  the  initial  shock  front  compresses  and 
heats  the  undisturbed  air  as  it  passes  through,  and  in  add  it  ion. imparts  a 
velocity  to  the  air  particles  in  the  direction  of  shock  propagation.  There- 
fore, the  subsequent  shocks  travel  through  a warmer,  denser  environment 
than  the  initial  shock  which  is  also  moving  in  the  direction  of  travel  of 
the  first  shock.  Since  the  shock  velocity  of  a gas  is  an  increasing  func- 
tion of  temperature,  the  secondary  shocks  will  travel  faster  than  the 
initial  shock.  At  some  point  in  space,  the  three  individual  shocks  will 
coalesce  and  be  similar  at  the  same  distance  10  a shock  generated  from  a 
single  explosive  charge  with  a mass  eg-.  • . to  the  total  of  the  three  charge 
masses.  Thus  the  characteristic  shape  of  the  pressure  at  some  point  in 
space  may  vary  from  a single  shock  fiont,  such  as  in  Figure  1,  to  three 
distinct  shock  front  arrivals.  Factors  governing  the  type  of  pressure  trace 
obtained  at  a given  location  arc  the  size  of  the  individual  charges,  the 
distance  between  charges  and  the  location  of  the  point  in  question. 
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Blast  Parameter  Scaling 


Experimental  studies  of  blast  wave  phenomena  are  often  difficult 
and  expensive,  particularly  when  conducted  on  a large  scale.  Methods  of 
computation  of  blast  wave  characteristics  arc  often  so  Involved  that  one 
cannot  economically  repeat  these  computations  while  varying,  in  a systematic 
manner,  all  of  the  physical  parameters  which  may  affect  the  blast  wave. 
Almost  from  the  outset  of  scientific  and  engineering  studies  of  air  bias'., 
various  Investigators  have  attempted  to  generate  model  or  scaling  laws  which 
would  widen  the  applicability  of  their  experiments  or  analyses. 

The  most  common  form  of  scaling,  familiar  to  anyone  who  has  had  even 
a rudimentary  introduction  to  blast  studies,  is  Hopklnson  or  "cube-root  " 
scaling.  This  law  was  first  formulated  by  B.  Hopklnson  (Reference  1)  and 
Independently  by  C.  Cranz  (Reference  4),  and  states  that  self-similar  blust 
waves  are  produced  at  Identical  scaled  distances  from  two  explosive  charges 
of  similar  geometry  and  identical  explosive  material,  but  of  different  size, 
which  are  detonated  in  the  same  atmosphere.  The  implications  of  Hopklnson- 
Cranz  scaling  can  perhaps  be  best  described  by  the  example  illustrated  in 
Figure  2.  An  observer  located  a distance  R from  the  center  of  an  explosive 
source  of  characteristic  dimension  d will  be  subjected  to  a blast  wave  with 
amplitude  (peak  overpressure)  P,  duration  tj,  and  a characteristic  time 
hi.  tory.  The  positive  impulse  1 of  the  blast  wave,  defined  by 


I - 


P(t)dt 


(1) 


where  ta  is  arrival  time  of  the  shock  front  and  p(t)  is  the  wave  form  of  the 
time-varying  overpressure,  is  often  used  to  characterize  the  blast 
wave.  The  Hopkinaon-Cranz  scaling  law  then  states  that  an  observer 
stationed  a distance  AR  from  the  center  of  a similar  explosive  source  of 
charac.te-istic  dimension  Ad  detonated  in  the  same  atmosphere  will  feel  a 
blast  wK/e  of  similar  wave  form,  identical  amplitude  P,  duration  Atj,  and 
impulse  XI.  All  characteristic  times  such  as  arrival  time  ta  are  scaled 
be  the  same  factor  as  the  length  scale  factor  A.  In  such  scaling,  both 
pressures  and  velocities  are  unchanged  at  homologous  times. 

Hopklnson-Cranz  scaling  has  been  shown  by  many  investigators  to  apply 
over  a verv  wide  range  of  distances  and  explosive  source  energies.  An 
example  of  early  published  work  is  that  of  Stoner  and  Bleakney  (Reference  5) 
which  showed  that  such  scaling  would  apply  for  a limited  range  of  distances 
and  source  energies.  The  list  of  other  investigations  corroborating  this 
law  is  too  lengthy  to  include  here,  but  a report  by  Kingery , et  al. , 
(Reference  A)  showing  very  good  agreement  between  blast  data  obtained  during 
a field  test  with  a 100-ton  TNT  detonation  and  predicted  values  scaled  from 
experiments  with  1-  to  8-lb  charges,  will  serve  to  indicate  the  usefulness 
of  this  ubiquitous  law.  It  has,  in  fact,  become  so  universally  used  that 
blast  data  are  almost  always  presented  in  terras  of  the  Hopkinson-scaled 
parameters : 
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R/W  (scaled  distance) 
T/W*^  (scaled  time) 

1/W  J (scaled  Impulse) 
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This  law  Implies  that  all  quantities  with  dimension  of  pressure  and  velo- 
city are  unchanged  in  the  scaling.  Thus,  side-on  pressure,  dynamic 
pressure,  and  reflected  pressure  all  remain  identical  at  homologous  times, 
and  both  shock  velocity  and  time  histories  of  particle  velocity  are  un- 
changed . 


Model  Analysis 

In  a program  such  as  this  one,  it  is  often  beneficial  to  conduct  a 
model  analysis  prior  to  the  beginning  of  testing.  The  purpose  of  the  model 
analysis  is  to  design  a series  of  scaled  experiments  which  will  simulate  in 
a realistic  fashion  the  pressure-time  histories  of  large-scale  or  prototype 
detonations  of  multiple  charges.  Th'  problem  addressed  bv  the  model 
analysis  developed  below  is  that  of  three  charges  detonating  simultaneously. 
The  charges  are  suspended  above  an  infinitely  long.  Infinitely  wide  and 
infinitely  stiff  reflecting  surface.  The  object  of  the  model  analysis  is 
to  develop  the  scaling  relationships  for  the  pressure  and  impulse  which 
are  applied  at  various  points  along  this  surface. 

The  first  step  in  developing  a model  analysis  is  to  list  all  the  para- 
meters which  are  required  to  characterize  the  phenomena.  Table  1 is  a 
list  of  the  24  parameters  which  are  required  to  characterize  the  explosive 
charge,  the  atmospheric  conditions,  the  shock  front,  charge  locations  and 
the  reflecting  plane.  To  characterize  the  explosive  charge,  the  energy 
release  of  the  explosive,  E,  charge  radius  r,  density  pe,  detonation  velo- 
city ae,  and  the  explosive  products  specific  heat  ratio  >e  are  required. 

The  effective  limit  for  explosive  detonation  g is  listed  because,  as 
is  well  known,  there  exists  a minimum  charge  linear  dimension  below  which 
It  is  impossible  to  initiate  or  propagate  a detonation.  This  pareimeter 
will  define  a lower  limit  for  the  scale  at  which  the  tests  will  be  con- 
ducted . 

The  medium  in  which  the  detonation  occurs  is  characterized  in  the 
analysis  by  the  ambient  air  pressure  Pa*  sonic  velocity  in  air  aa,  ambient 
air  density  pa,  ambient  air  temperature  9a,  the  specific  heat  ratio  of 
air,  ya  and  the  specific  entropy,  S.  The  shock  itself  is  characterized 
by  the  velocity  U^,  gas  density  ps,  particle  velocity  us  and  a shock  front 
temperature  9S. 

The  remaining  parameters  are  used  to  characterize  the  geometry  of 
encounter  and  the  responses  to  be  measured.  In  this  program  it  is  desired 
to  measure  the  pressure  P and  impulse  I as  a function  of  time  t,  as  well 
as  the  arrival  time  of  the  shock  wave  ta  and  the  shock  wave  duration  tj. 

The  position  of  the  point  where  responses  can  be  determined  by  three 
coordinates:  the  standoff  distance  R,  the  shock  front  encounter  angle  $, 
and  the  spacing  between  charges, s^. 
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The  second  step  in  developing  a model  law  is  the  derivation  of  scaled 
quantities,  called  pi- terms,  from  the  list  of  important  parameters.  The 
procedure  of  deriving  the  pi-terms  is  described  in  Chapters  2 and  3 of 
Reference  7.  For  brevity,  only  the  resulting  pi-terms  are  presented  here. 
Twenty  pi-terms  can  be  derived  from  the  24  parameters  listed  in  Table  1. 

One  possible  set  of  pi-terms, or  nondimensional  quantities,  is  listed  in 
Table  2. 

The  first  four  pi-terms  are  statements  of  geometric  similarity.  That 
is,  all  lengths  in  the  prototype  must  be  scaled  by  the  constant  X in  the 
model  for  the  two  systems  to  be  equivalent.  The  shock  wave  encounter 
angle  <t>  is  identical  in  equivalent  systems.  Pi-terms  five  to  seven  state 
that  similiar  explosives  must  be  used  in  the  model  and  prototype  systems, 
and  pi  terms  six  to  eleven  require  that  similiar  atmospheres  exist  in  the 
model  and  prototype  systems. 

Pi-terms  13  to  ly  are  the  response  pi-terms  in  this  analysis.  These 
terms  impose  no  restrictions  on  the  model,  but  rather  define  how  to  scale 
the  model  measurements  of  pressure,  impulse,  arrival  time  and  duration  in 
order  to  make  prototype  scale  predictions  of  the  same  parameters. 

All  twenty  pi-terms  listed  in  Table  2 can  be  satisfied  providing 
replica  modeling  is  used.  In  a replica  model,  the  same  materials  are  used 
in  the  model  and  prototype  systems,  and  all  geometric  quantities  are  scaled 
by  the  scale  factor  X.  By  examination  of  the  remaining  pi-terms,  the  scale 
factors  for  quantities  other  than  length  can  be  established.  The  use  of 
the  same  explosives  and  atmosphere  in  the  two  systems  implies  that  all 
densities,  temperatures  and  specific  heats  will  be  identical  in  the  model 
and  prototype  systems.  Since  the  same  atmosphere  is  used,  pi-terms  7 to  9 
further  imply  that  velocities  and  pi-term  16  implies  that  pressure  will  be 
invariant  between  systems.  That  the  scale  factor  for  energy  is  X^  can  be 
established  by  observing  tti6  and  noting  that  the  scale  factors  for  pressure 
and  length  are  1.0  and  X respectively.  S tmllarly,  71^9  shows  the  scale 
factor  for  impulse  is  X,  and  shows  the  scale  factor  for  time  is  X. 

Table  3 summarises  the  replica  scaling  law  for  miltiple  detonations. 

The  replies  model  law  is  essentially  an  extentlon  of  the  Hopkinson-Cranz 
scaling  of  blast  parameters.  Several  pi-terms  have  been  added  to 
an  ount  for  the  extra  parameters  needed  to  characterize  the  test  geometry 
and  fo  account  for  the  fact  that  the  initial  blast  front  compresses, 
heats  the  initially  undistrubed  air  and  imparts  a net  velocity  in  the 
direction  of  shock  front  propagation. 

The  model  analysis  developed  above  was  used  to  design  the  model  experi- 
ment so  that  the  prototype  situation,  three  charges  detonating  simultaneously 
near  a reflecting  plane,  could  be  modeled  accurately,  and  sc  that  the  para- 
meters required  to  created  a blast-resistant  structure  would  be  available. 
Tne  designer  primarily  needs  to  know  the  pressure  and  impulse  acting  on  a 
structure  and  he  will  sometimes  use  duration  measurements  when  they  are 
available.  Arrival  time  measurements  are  useful  when  multiple  shock  fronts 
are  present. 
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If  one  were  to  write  an  equation  for  the  pressure,  impulse,  time  of 
arrival  or  duration  at  some  point  on  the  target,  he  would  be  defining  a 12 
parameter  space.  That  is,  each  of  the  responses  is  a function  of  the 
first  12  pi-terms  in  Table  2.  However, many  of  the  parameters  in  each  of 
the  pi-terms  are  essentially  constant  and  may  be  eliminated  from  the 
analysis  without  significant  loss  of  accuracy.  For  example  Ye*  Pe*  ae* 

Pa,  aa,  pa,  Ya  an<*  are  all  invariant.  If  the  size  of  the  charge  is 
above  the  minimum  size  required  to  sustain  detonation,  the  effective  limit 
for  explosive  detonation  g may  be  ignored.  Under  these  circumstances,  the 
following  functional  relationships  for  pressure,  impulse,  arrival  time  and 
duration  can  be  written: 
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In  this  program  only  one  explosive  type  will  be  used;  therefore,  the  para- 
meter E can  be  replaced  by  the  charge  weight  W,  resulting  in  a more 
familiar  form  for  Equations  3 to  6.  In  addition, if  we  recognize  that  only 
the  peak  value  of  pressure  and  the  impulse  will  be  used  by  designers,  the 
following  relations  are  obtained: 

p " fi  (r*  T*  1/3) 
w 


^173  " f 2 (r’  R ’ yl/3) 
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The  data  accumulated  during  this  program  can  be  used  to  predict  full 
scale  measurements  of  P,  I,  ta  and  td  provided  the  prototype  experi- 
ments use  the  same  explosive  and  the  measurements  are  made  over  the  same 
range  of  values  of  the  six  parameters  in  the  above  functions.  The  equation 
relating  the  four  responses  to  the  independent  variables  is  not  derived 
as  part  of  this  program;  Instead  the  data  are  presented  in  a graphical 
form.  Only  the  peak  values  of  the  pressure  and  the  impulse  are  presented 
and  all  four  responses  are  plotted  as  a function  of  and  R/Vfl/3.  Separate 
plots  for  the  different  charge  geometries  are  presented. 


EXPERIMENTAL  PROGRAM 


General 


The  objective  of  this  test  program  was  to  investigate  the  blast  effects 
on  a barricade  due  to  the  simultaneous  detonation  of  three  charges  at  small 
scaled  distances.  To  accomplish  this  objective,  a technique  for  measuring 
the  blast  pressures  and  Impulses  at  scaled  distances  of  0.32  to  1.2  m/kg' ' 3 
(0.80  - 3.0  ft/lb1/3)  was  devised.  The  program  consisted  of  exploding 
either  one  or  three  spherical  Composition  B charges  at  various  distances 
above  the  ground  surface.  The  Composition  B charges  were  cast  by  The 
Explosive  Processing  group  of  the  Naval  Surface  Weapons  Center,  White  Oak 
Laboratory,  Maryland,  and  had  relatively  uniform  mass  and  diameter.  Pres- 
sure-time histories  were  recorded  with  piezoelectric  transducers  mounted 
in  metal  canisters  buried  in  the  ground.  Impulse  measurements  were  obtained 
by  integrating  the  pressure-time  histories. 


The  program  consisted  of  four  series  of  tests  as  summarized  in  Table  4. 
In  Test  Series  1,  a single  charge  weighing  either  0.65  kg  (1.43  lb)  or 
2.29  kg  (5.05  lb)  was  detonated  from  0.29  to  1.56  m (0.95  - 5.13  ft)  above 
the  reflecting  plane.  This  series  of  tests  was  conducted  to  validate  the 
experimental  technique  and  transducer  calibration  by  generating  data  which 
could  be  compared  directly  with  data  in  the  literature.  In  addition,  this 
series  of  tests  served  as  a baseline  from  which  the  effects  of  three  charges 
detonating  simultaneously  could  be  evaluated.  Test  Series  1A  was  conducted 
to  examine  the  validity  of  the  model  law  by  detonating  a different  scaled 
size  charge  at  an  equivalent  scaled  distance.  A total  of  15  Series  1 tests 
was  conducted  at  four  different  scaled  distances:  0.335,  0.5,  0.672, 

1.2  ra/kg1' 3 (0.84,  1.25,  1.70,  3.0  ft/lb1'3).  A schematic  diagram  of  the 
charge  placement  and  gage  positioning  Is  given  in  Figure  3a. 


Test  Series  2 was  conducted  to  determine  how  the  blast  output  of  three 
charges  which  are  grouped  together  differs  from  the  blast  output  of  a 
single  charge.  The  test  configuration  for  this  series  is  shown  schematically 
In  Figure  3b.  Notice  that  the  standoff  distance  R is  measured  in  this  case 
as  the  distance  from  the  ground  surface  up  to  the  center  of  mass  of  the 
three  charges.  A total  of  nine  tests  at  the  three  scaled  distances,  Z * 

0.478,  0.716  and  0.960  m/kgl/3  (1.2,  1.81,  2.42  ft/lb1/3),  was  conducted 
in  Test  Series  2.  For  the  grouped  array  tests,  the  total  weight  of  the 
three  charges  was  used  In  computing  the  scaled  distance  Z.  This  con- 
vention facilitates  comparison  with  the  single  charge  test  results. 

Test  Series  3 was  conducted  to  investigate  the  variations  of  blast 
output  of  three  charges  which  are  distributed  in  a horizontal  array  for 
various  charge  spacings  and  standoff  distances.  The  test  configuration 
for  this  test  series  is  shown  schematically  in  Figure  3c.  A total  of  16 
tests  was  conducted  in  this  test  series.  Three  scaled  distances  were  ._ 
investigated,  Z - 0.719,  0.960  and  1.19  m/kg1'73  (1.81,  2.42,  3.01  ft/lbI/J), 
as  well  as  three  charge  spacings,  s ■ 0.366,  0.71  and  1.07  m (1.2,  2.33 
and  3.5  ft).  Of  particular  Interest  in  this  test  series  was  the  possibility 
of  regions  of  enhanced  pressure  or  impulse  at  gage  locations  between 
charges  over  what  would  be  expected  if  only  one  charge  was  present. 
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The  final  test  series  was  designed  to  investigate  the  blast  output  of 
three  charges  which  ere  placed  in  a vertical  array.  This  situation  is 
shown  schematically  in  Figure  3d.  A total  of  four  tests  was  conducted  at 
a scaled  distance,  Z ■ 0.51  m/kg^'^,  (1.29  ft/lb*' ■*),  and  a charge  spacing 
of  0.145  m (0.475  ft).  As  was  the  case  for  the  grouped  charge  arrays,  the 
standoff  distance,  R,  is  measured  from  the  ground  surface  to  the  center 
of  mass  of  the  three  charges,  and  W is  the  total  charge  weight.  This  con- 
vention is  used  to  facilitate  comparison  with  the  single  charge  test 
results. 


Transducer  Placement 


In  order  to  perform  the  measurements,  a reflective  surface,  capable  of 
withstanding  the  loads  due  to  the  exploding  charges  and  of  holding  the 
transducers  In  place,  had  to  be  designed.  After  some  consideration.  It  was 
decided  to  use  the  ground  as  the  reflecting  plane  rather  than  a more  con- 
ventional test  stand,  because  In  some  tests  the  three  charges  would  have  a 
separation  distance  of  as  much  as  2.08  m (6.8  ft).  In  order  to  satisfy 
the  assumption  in  the  model  analysis  that  the  reflecting  plane  was 
effectively  infinite  in  extent  in  all  horizontal  directions  and  infinitely 
stiff,  a conventional  steel  test  stand  would  have  to  be  wider,  longer 
and  thicker  than  was  practical,  therefore,  the  ground,  which  has  infinite 
dimensions  and  stiffness,  was  chosen  as  the  most  advantageous  reflecting  plane 

The  gages  were  installed  in  separate  fixtures,  as  shown  in  Figure 
4.  Each  canister  had  provisions  for  removing  the  surface  plate  so  that  the 
transducer  and  cable  could  be  serviced  without  taking  the  canister 
out  of  the  ground.  The  bottom  cavity  of  the  canister  in  Figure  4 was 
designed  to  hold  several  coils  of  microdot  cable,  to  allow  enough  slack  to 
remove  the  cover  plate  and  transducer.  The  cable  exited  the  canister 
through  a KPT  coupler  and  up  to  the  ground  surface.  The  portion  of  the 

cable  outside  the  canister  was  encased  in  1.59  cm  (0.625  in)  garden  hose. 

Water  tightness  of  the  entice  assembly  was  assured  by  using  gaskets  between 
the  surface  and  base  plates, and  by  sealing  both  ends  of  the  garden  hose  with 
silicon  rubber. 

Three  different  transducer  types  were  used  in  this  program,  and  all 
three  types  could  be  used  with  the  canisters.  The  PCB  102A03  transducer 
threaded  directly  onto  the  surface  plate  as  shown  in  Figure  4.  The 
remaining  two  transducer  types  threaded  into  cylindrical  plugs  3.19  cm 

(1.25  in)  in  diameter  and  3.10  cm  (1.22  in)  tall.  Steel  plugs  were  used 

with  the  PCB  109A02  gages  while  silicon  rujber  plugs  were  used  with 
Susquehanna  Instruments  ST-2.  The  plugs  protruded  slightly  above  the 
canister  body  so  that  no  movement  of  the  plug  was  possible  once  the  surface 
plate  was  installed.  The  transducer  protruded  0.635  cm  (0.25  in)  above  the 
canister  body  so  that  the  sensitive  diaphragm  was  flush  with  the  surface 
plate.  Gaps  between  the  transducer  and  surface  plate  were  filled  with 
modeling  clay  to  provide  a uniformly  flat  top  surface. 

The  canisters  were  buried  in  the  ground  so  that  the  surface  plate  and 
the  transducer  diaphragm  were  flush  with  the  ground  surface.  The  transducer 
cable  enclosed  by  the  garden  hose  exited  the  ground  a minimum  of  1.22  m 
(4.0  ft)  from  the  gage  line.  The  nine  canisters  were  buried  at  0.361  m 
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(1.18  ft)  intervals.  Once  the  transducers  were  placed,  thev  remained  in 
the  ground  In  their  original  positions  until  the  test  program  was  completed. 


Test  Procedure 

All  44  tests  were  performed  at  an  outdoor  explosives  site  on  the  SwRl 
grounds.  A typical  test  was  conducted  by  first  installing  the  pressure 
transducers  in  the  nine  canisters.  The  type  of  transducer  installed  at  any 
measurement  location  was  determined  by  the  pressure  expected  to  he 
generated  by  the  test.  While  the  Instrumentation  was  being  readied,  the 
ground  surface  surrounding  the  canisters  was  leveled.  On  many  occasions 
it  was  easier  to  remove  the  top  0.8  to  1.6  cm  (0.31  - 0.62  in)  id  soil  and 
replace  it  with  new  soil,  as  previous  tests  had  compacted  the  soil  to  the 
point  where  it  was  unworkable.  After  the  ground  surface  and  Instrumentation 
was  prepared,  the  charge  was  suspended  from  a bar  2.44  m (8  ft)  high  at 
the  correct  standoff  distance  above  the  ground.  The  charges  were  held  in 
place  above  the  gage  line  by  1 ight  string  running  to  two  points  on  the 
ground  as  shown  in  Figure  5.  After  all  charges  had  been  secured,  a final 
electrical  continuity  check  of  all  firing  and  instrumentation  lines  was 
made;  the  detonators  were  placed  in  the  center  of  the  spherical  charges 
and  positioned  so  that  no  fragments  would  be  llkolv  to  strike  t hi-  transducer. 
The  detonators  used  in  this  program  were  Reynolds  Industries  RP-81  electronic 
bridgewire  detonators.  These  F.BW's  are  used  extensively  where  simultaneity 
of  detonation  of  multiple  charges  is  desired.  When  connected  in  series,  up 
to  8 charges  can  be  detonated  with  a simultaneity  not  worse  than  0.125  ns. 
After  the  detonators  were  placed  and  the  area  cleared,  the  exploding  bridge- 
wire  firing  system  was  triggered.  The  data  were  recorded  on  magnetic  tape 
and  five  channels  were  backed  up  by  Blomation  recorder.  Oscillograph  records 
were  made  from  the  data  on  magnetic  tape  and  polaroid  prints  made  of  the  Bio- 
mat  ion  recordings.  Typical  damage  to  the  ground  surface  produced  by  a test  Is 
shown  in  Figure  6. 


Instrumentation  System 

Several  different  transducers  were  used  In  this  project  to  obtain  the 
pressure-time  data.  Each  transducer  was  selected  depending  on  the  peak 
pressure  expected  at  a given  measurement  location.  The  majority  of  the 
data  were  recorded  using  piezoelectric  transducers,  although  a few 
measurements  were  made  with  a p lezores 1st  Ivc  type. 

The  piezoelect r Le  transducers  utilize  a ceramic  or  crystal  to  generate 
an  electrical  charge  which  is  proportional  to  the  stress  Imparted  by  the 
blast  wave.  Two  models,  102A03  and  109A02,  made  by  FOB  Flezotronlcs  and 
one  model,  ST-2,  made  by  Susquehanna  Instruments  were  used  In  this  project. 
The  PCB  transducers  use  a quartz  sensing  element  with  a resonant  frequency 
of  500  kHz.  The  model  102 A0 3 has  a pressure  range  of  6.9  to  138,000  kPa 
(1-20,000  psl) , while  the  model  109A02  has  a range  of  13.8  to  827,000  kl’a 
(2-120,000  psi) . These  two  models  are  made  to  withstand  up  to  20,000  g's 
of  shock  acceleration.  They  contain  a built-in  amplifier  which  provides  a 
low  lmpedence,  voltage-mode  output  for  improved  s ignal-to-no ise  ratio, 
long-line  driving  capability  and  good  low  frequency  response  as  compared 
to  the  high  lmpedence,  charge-mode  output  of  other  piezoelectric  trans- 
ducers . 
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The  Susquehanna  ST-2  transducer  uses  a lead-metaniohate  sensing  ele- 
ment having  a natural  frequency  of  250  kHz  and  a pressure  range  of  0.69  to 
3,450  kPa  (0.1  to  500  psi) . The  one  piezoresist ive  transducer  used  was  a 
Kulite  Model  HFC-375-1 ,000  having  a natural  frequency  of  500  kHz  and  a 
pressure  range  of  0-6,000  kPa  (0-1,000  psi).  This  unit  was  balanced, 
calibrated  and  powered  with  a B&F  Model  1-700  signal  conditioner.  The  out- 
put was  amplified  with  a B&F  Model  702A-10D  differential  amplifier  having 
a frequency  response  of  0-100  kHz  before  being  recorded  on  magnetic  tape. 

The  piezoelectric  transducers  were  connected  as  shown  in  Figure  7. 
Their  outputs  were  also  recorded  on  an  Ampex  FR-1900  Wideband  II  magnetic 
tape  recorder  which  has  frequency  response  of  0-500  kHz  at  a record  speed 
of  3.05  m/s  (120  tps) . The  data  were  played  back  with  a reduction  speed 
ratio  of  64  into  a Bell  & Howell  Model  1-124  oscillograph  recorder  with 
a 5 kHz  CEC  response  galvanometer.  The  resultant  frequency  response  of  the 
playback  system  was  then  0-320  kHz.  For  quick-look  analysis,  the  output 
of  some  of  the  transducers  was  redundantly  recorded  on  Bioi  at  ion  Models 
802  and  1015  transient  digital  recorders  with  a frequency  response  of  at 
least  0-50  kHz. 

The  pressure  transducers  were  dynamically  calibrated  using  a hydraulic 
calibrator  consisting  of  a triangular  chamber  filled  with  oil.  Two 
symmetric  ports  are  provided  for  flush  mounting  a reference  and  a test 
transducer.  The  pressure  pulse  is  generated  by  dropping  a weight  down  a 
guide  tube  onto  a piston  which  extends  through  the  top  of  the  chamber. 

This  device  produces  a half-sine,  positive  pressure  pulse  with  peak 
amplitudes  from  0.7  MPa  (100  psi)  to  more  than  100  MPa  (14,500  psi)  and 
rise  times  of  1 to  2 milliseconds.  Different  weights  and  drop  heights  are 
used  to  vary  the  peak  amplitudes.  Figure  8 shows  samples  of  typical 
calibration  pressure  pulses.  The  reference  piezoresist ive  transducer 
used  was  first  calibrated  using  a dead-weight  hydraulic  tester  to  check 
its  sensitivity.  It  in  turn,  was  used  to  determine  the  pressure  input  to 
the  test  transducer. 


Data  Reduction 


The  oscillograph  traces  and  polaroid  photographs  obtained  from  each 
test  were  used  to  obtain  peak  pressures,  positive  impulses,  arrival  times 
and  positive  phase  durations.  The  data  were  reduced  by  manually  digitiz- 
ing the  records  using  a Hewlett-Packard  Model  9830  microprocessor  and  a 
Dm  let  t -r.icknrd  Model  9864A  digitizing  plotter.  The  BASIC  program  which 
■as  used  to  digitize  the  pressure-time  traces  also  performed  the 
following  services: 


1. 


Integrate  the  pressure-time  trace 


2 , 

retain 

3. 

retain 

4. 

reta in 

front 

5. 

retain 

retain  total  positive  duration 


The  pressure  impulse  and  time  traces  were  plotted  for  each  test  in  the 
format  shown  m Figure  9.  In  addition,  the  pressure-time  trace  was 
stored  on  magnetic  tape  along  with  Items  2-5  listed  previously.  After 
all  the  data  had  been  reduced  for  a given  test,  a separate  program  was 
used  to  print  a summary  of  Items  2-5  in  a convenient  form  for  checking 
errors  and  plotting  the  data.  The  data  are  printed  by  this  program  in 
both  scaled  and  raw  form. 
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EXPERIMENTAL  RESULTS 


General 

The  results  of  the  experimental  program  are  presented  In  this  see t ion 
in  graphic  form.  The  sealing  law  derived  in  the  model  analysis  and  pre- 
sented in  equations  7-10  states  that  pressure,  impulse,  positive  duration 
and  time  of  arrival  are  a function  of  the  scaled  distance  Z,  the  scaled 
charge  separation  s[/r  and  the  shock  front  encounter  angle  £*.  In  the  gen- 
eral solution,  a five  parameter  space  must  be  considered  to  properly  scale 
the  data.  The  results  presented  in  this  section,  however,  define  a four 
parameter  space.  This  is  because  the  scaled  charge  size,  r/R,  was  held 
relatively  constant  during  the  test  program  (0.0425  s r/R  v 0.154).  This 
fact  does  not  negate  the  model  law,  hut  only  places  a restriction  that  the 
use  of  this  data  be  limited  to  situations  where  t /R  is  in  the  range  of 
0.0425  to  0.154.  Care  should  be  exercised  whenever  the  data  presented  in 
this  report  is  used  for  predictions  outside  this  range  in  r/R. 

In  this  section,  graphs  of  pressure,  scaled  specific  impulse,  scaled 
positive  duration  and  scaled  time  of  arrival  are  presented  as  a function  of 
the  scaled  position.  At  each  value  of  x/R,  the  average  response  parameters, 
along  with  the  maximum  and  minimum  recorded  values,  have  been  plotted  while 
taking  advantage  of  the  symmetry  about  P5  in  the  transducer  array.  Measure- 
ments at  PI  and  lu),  for  example,  are  plotted  together.  Where  appropriate, 
two  curves  are  presented  on  each  graph.  The  first  is  a solid  line  drawn 
through  the  average  points  as  near  as  possible  while  maintaining  a smooth 
transition  from  point  to  point  and  the  correct  slope  (zero)  at  x/R  * 0. 

The  second  line  is  transferred  from  the  appropriate  single  charge  figure  and 
is  presented  such  that  the  relative  blast  output  of  a single  charge  versus 
multiple  charges  can  he  visualized  in  a convenient  manner.  In  order  to 
easily  visualize  the  differences  between  different  scaled  distances  or  charge 
spacings,  all  of  the  plots  for  a given  blast  parameter  are  presented  on  one 
page  for  each  o*  the  four  test  geometries.  Each  figure  is  labeled  to  indi- 
cate the  test  series,  the  scaled  standoff  distance  and  the  scaled  charge 
separation  distance.  All  of  the  pressure,  impulse,  duration  and  arrival 
Mme  data  presented  In  this  section  appear  in  tabular  form  in  Appendix  A. 

For  the  convenience  of  the  reader,  the  data  are  presented  on  the  figures 
am.  fn  the  Appendix  in  both  metric  and  English  units. 


Pressure  Data 

The  peak  pressure  data  accumulated  during  this  program  are  shown  in 
Figures  10  to  14.  Figure  10  summarizes  the  peak  pressures  resulting  from 
the  detonation  ot  a single  charge  at  four  scaled  distances  from  a reflecting 
surface.  Two  scaled  charge  sizes  were  investigated  in  the  single  charge 
tests  to  validate  the  model  analysis  (0.68  kg  (1.5  lb)  and  2.29  kg  (5.05lb)). 
Since  the  charge  size  was  scaled  as  dictated  by  Ti(  of  the  model  law,  one 
would  expect  pressure  to  be  a function  of  only  the  position  at  which  it  was 

A 

For  convenience  in  presenting  the  data,  the  angle  41  will  be  represented  on 
the  figures  and  in  the  discussions  which  follow  by  its  horizontal  (x)  and 
vertical  (R)  components. 
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measured.  This  is  demonstrated  by  the  A and  B series  tests  (7.  ~ 0.50  m/kg 
(1.25  ft/lbl/-*))  and  the  R and  S series  tests,  (Z  * 1.1*1  m/kgl/3  (2.9*1  ft/ 

lbl/3))  where  a single  line  can  be  drawn  through  all  of  the  test  data. 

Note  that  there  is  a consistent  trend  in  the  four  pressure  curves  shown  in 
Figure  10.  As  the  measuring  point  moves  awuy  from  directly  under  the  charge 
(x/R  * 0),  the  peak  pressure  decays  very  slowly  until  x/R  approaches  0.2. 

This  narrow  region  of  gradual  pressure  change  is  followed  by  a tog  ion  in 
which  the  pressure  decays  substantially  until  x/R  is  about  1.5.  For  values 
of  x/R  greater  than  1.5,  the  decay  of  pressure  with  increasing  x/R  is  again 
quite  gradual.  These  three  regions  may  be  conveniently  thought  of  as  (a) 
essentially  reflected  pressure,  (b)  transition  from  reflected  to  side-on 
pressure  and  (c)  a region  which  approximates  side-on  pressure.* 

The  pressure  generated  by  three  0.23  kg  (0.51  lb)  charges  grouped  to- 
gether as  in  Figure  3b,  is  shown  in  Figure  11.  Three  different  scaled  dis- 
tances were  investigated  for  this  chatge  configuration.  The  solid  curve 
in  Figure  11  represents  an  "eyeball"  fit  to  the  data  generated  hv  the  grouped 
array.  The  dashed  line  represents  the  single  charge  data  for  equal  scaled 
distances.  Note  that  the  comparisons  given  in  Figure  11  are  between  three 
0..3  kg  (0.51  lb)  charges  and  a single  0.b3  kg  (1.43  lb)  charge.  This  com- 
parison is  not  Intended  to  demonstrate  agreement  between  single  charges  and 
grouped  charges  but  rather  to  indicate  differences  in  magnitude  and 
tendency.  The  reader  is  reminded  that  standoff  distance  (2.)  of  the  group 
array  is  measured  to  the  center  of  mass  of  the  three  charges.  The  curves 
shown  in  Figure  ll  exhibit  a trend  consistent  with  the  variations  in  pres- 
sure with  x/R  for  the  single  eha.ges;  however,  the  pressures  are  reduced. 

This  reduction  may  be  due  to  a lower  energy  density  of  the  three  charges. 

As  expected,  the  gap  between  the  pressure  curves  for  the  single  charge 

and  the  grouped  array  decreases  as  x/R  becomes  large,  subsequently  coalescing 

at  large  x/R  values. 

Figure  12  presents  the  variation  in  pressure  for  three  charges  in  a 
horizontal  array  at  three  different  scaled  distances.  The  charges  in  these 
tests  were  separated  by  C 71  tr.  (2.33  ft).  Above  each  graph  in  Figure  12, 
the  physical  charge  locations,  relative  to  the  location  of  the  pressure 
transducers  are  represented  by  circles.  This  convention  is  used  to  aid  the 
reader  ,n  visualizing  the  location  of  the  charges.  The  comparisons  shown 
on  Figure  12  are  between  three  0.23  kg  (0.51  lb)  charges  and  a single 
0,65  kg  (1.43  lb)  charge  placed  at  equivalent  scaled  standoff  distances 
from  a reflective  plane.  The  standoff  distance  for  the  horizontal  array 
is  computed  as  the  vertical  distance  to  the  center  of  mass  of  the  three 
charges,  divided  by  the  total  mass  of  the  explosive  detonated  (t.e., 

0.69  kg  (1.52  lb)).  Again,  the  solid  line  represents  the  trend  of  the  hor- 
izontal array  data,  and  the  single  charge  results  are  represented  by  the 
dashed  line.  Not  that  for  series  I and  J , the  pressure  due  to  the  hori- 
zontal array  exceeds  the  single  charge  pressure  curve  at  scaled  positions 
of  0.5  to  over  3.5.  Only  directly  under  the  center  charge  (0  v x/R  *.  0.5) 
is  the  pressure  from  the  horizontal  array  less  than  that  given  by  the 


As  x/R  becomes  large,  the  pressure  curve  approaches  the  side-on  pressure 
which  would  be  generated  by  a charge  with  twice  the  explosive  mass  at  the 
same  position  (7).  As  the  slant  distance  from  the  charges  to  the  measurement 
position  becomes  larger,  the  pressure  In  the  third  region  better  approxi- 
mates the  side-on  values. 
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equivalent  single  charge  curve.  This  is  because  contributions  from  the 
outside  charges  arrive  too  late  to  positively  reinforce  the  pressure  mea- 
sured directly  under  the  center  charge.  The  converse  is  also  true;  con- 
tributions from  the  center  charge  arrive  too  late  to  contribute  signifi- 
cantly to  the  pressure  under  the  outside  charges.  Indeed  the  pressures 
measured  directly  below  the  charges  in  Figure  12  are  equal  within  the 
experimental  scatter.  The  implication  of  this  observation  is  that  it  is 
unfair  to  compare  the  single  charge  results  with  the  pressure  from  1/3 
the  explosive  at  positions  directly  under  the  charges.  However,  the  inten- 
tion of  presenting  the  dashed  line  of  Figure  12  was  not  to  demonstrate 
agreement  between  the  single  and  multiple  charge  results,  but  rather  to 
highlight  the  differences,  in  both  magnitude  and  general  tendency,  due  to 
distributing  the  charge  weight  in  a horizontal  array. 

To  this  point,  the  discussion  of  the  variation  in  pressure  due  to 
changing  the  scaled  standoff  distance  for  the  horizontal  array  concentrated 
on  test  series  I and  J,  but  not  N.  This  is  because  no  single  charge  tests 
at  a scaled  standoff  of  0.33  m/kg^/3  (2.09  ft/lb^/3)  were  conducted  due  to 
an  oversight  when  the  program  was  planned.  To  place  the  series  N results 
into  perspective,  it  was  decided  t <•*  present  the  single  charge  curve  for 
•'  = 0.67  m/kgl/3  (1.69  ft/lb^/3)  in  Figure  12.  A dotted  line  is  used  to 
emphasize  the  single  cl.  ge  curve  presented  for  a smaller  7.-value.  Note 
that  the  equivalent  cu.  e for  7.  * 0.83  m/kgl/3  (>.09  ft/lb^-^)  would  fall 
somewhat  below  the  dotted  line  on  the  series  N plot  because  of  the  larger 
standoff  distance.  Note  that  the  trends  described  above  for  the  series  I 
and  d tests  also  apply  to  the  series  N results. 

Figure  13  shows  the  variation  in  peak  pressure  due  to  charge  spacing 
fot  horizontal  array  tests.  Three  different  charge  spacings  were  investi- 
gateu  0-7b,  11.2  and  1 1> . 8 charge  diameters),  while  holding  the  scaled  stand- 
off distance  constant  at  7 » 0.83  m/kgl/3  (2.09  tt/in*/').  The  charge  location 
is  again  represented  on  this  figure  by  a circle  and  the  single  charge  curve  for 
7 3 0.67  m/'kgl/-*  (1.67  ft/lb^/3)  is  presented  in  absence  of  data  at 
Z - 0.83  m/kgl/3  (2.00  ft/lbl/3).  The  correct  reference  line  would  fall 
slightly  below  the  dotted  line  on  each  of  the  figures.  Several  observations 
can  be  drawn  from  Figure  13.  First  note  that  the  effect  of  greater  charge 
spacl,.gs  is  to  move  the  position  of  maximum  pressure  towards  large  values 
of  x For  small  charge  spacings,  series  P,  the  pressure  curve  for  the 
horizontal  array  approximates  that  for  a single  charge.  Since  no  measure- 
ments were  made  between  charges,  it  is  unclear  whether  a region  of  enhanced 
pressure  similar  to  that  described  in  the  previous  section  and  shown  on 
‘■igurc  !!,  exists. 

For  the  Intermediate  charge  spacing,  series  N,  a narrow  region  of 
enhanced  pressure  exists  halfway  between  the  charges,  and  a broader  region 
exists  for  x/R  N 1.0.  These  two  regions  of  enhanced  pressure  are  due  to 
the  superposition  of  the  blast  output  of  the  two  charges  nearest  the  mea- 
surement position.  The  highest  pressures  occur  at  x/R  ■ 0.45,  or  halfway 
between  charges,  because  at  this  point  the  shock  fronts  from  both  charges 
arrive  simultaneously  enhancing  the  pressure.  The  single  charge  blast  out- 
put exceeds  that  of  the  horizontal  array  in  series  N for  0 x x/R  <0.3  and 
series  Q for  0 i x/R  x 1.1.  The  reasons  for  this  apparent  discrepancy  were 
described  previously,  and  are  due  to  comparing  the  output  of  a single 
charge  with  that  of  1/3  the  explosive  at  equivalent  distances.  Beyond 
x/R  * 0.3  for  series  N and  1.1  for  series  Q,  superposition  of  the  blast 
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output  of  the  two  nearest  charges  results  in  significantly  higher  piessutes 
than  would  be  observed  from  a single  charge.  Although  only  a narrow  region 
in  x/R  was  explored  In  these  tests,  it  is  apparent  that  the  point  where  the 
horizontal  array  pressure  begins  to  approximate  the  single  charge  results 
is  a function  of  the  charge  spacing.  Closely  spaced  charges  w ill  .ipp.OXf- 
mate  single  charge  pressures  at  smal le»*  scaled  positions  than  widely  spaced 
charges. 

The  peak  pressures  resulting  from  three  charges  placed  in  a vertical 
array  are  shown  in  Figure  14.  In  this  case  the  charge  spacing  was  fairlv 
narrow,  2.28  charge  diameters.  The  comparison  shown  on  Figure  14  is  between 
three  0.23  kg  (0.51  lb)  charges  and  one  0.65  kg  (1.43  Ibl  charge.  The 
standoff  distance  for  the  vertical  array  is  computed  in  the  vertical  dis- 
tances to  the  center  of  mass  divided  by  the  cube  root  of  the  total  mass  ot 
explosive  detonated.  Not  ice  that  at  scaled  distances  approaching  x/R  = 0 
and  x/R  N 1.75,  the  peak  pressure  for  the  vertical  array  tests  exceeds  that 
for  a single  charge.  Unfortunately,  only  one  combination  of  charge  spacing 
and  standoff  distance  was  investigated  for  vertical  arrays.  It  is  therefore 
not  clear  whether  regions  of  enhanced  pressure  would  exist  for  different 
combinations  of  Zand  s.  Further  vertical  array  tests  should  be  conducted 
to  see  if  the  trends  shown  in  Figure  14  apply  to  other  charge  spactngs  and 
standoff  distances. 


I mpu Ise  Data 

The  impulse  data  obtained  by  numerically  integrating  the  pressure- 
time  curves  is  given  in  Figures  15  to  19.  All  of  the  impulse  data  is 
plotted  in  scaled  format  as  dictated  by  Equation  8.  As  noted  previously, 
the  impulse  from  multiple  charge  tests  is  scaled  by  the  total  charge 
weight  detonated.  Scatter  in  the  data,  represented  by  the  line  drawn  from 
the  miu. mum  to  the  maximum  value  recorded  at  a given  value  of  x/R,  is  gen- 
erally larger  for  impulse  than  for  peak  pressure.  Several  factors  contri- 
bute to  the  larger  scatter,  including  thermal  drift  and  uncertainties  in 
determining  the  positive  duration.  The  impulse  for  single  charges  at  four 
scaled  distances  from  a reflecting  plane  is  shown  In  Figure  15.  As  men- 
tioned in  Section  III,  the  scaled  charge  size  was  varied  in  the  A-B  and 
R-S  tost  series.  According  to  the  model  law,  the  impulse  from  different 
charge  weights  (at  a constant  7-)  can  be  collapsed  to  a single  curve  by  scal- 
ing the  impulse  by  the  cube  root  of  the  charge  weight.  This  is  demonstrated 
in  the  A-B  and  R-S  graphs  in  Figure  15. 

Consistent  trends  in  the  impulse  curves  in  Figure  15  can  he  observed. 

At  small  values  of  x/R,  generally  less  than  0.5,  the  impulse  decreases 
slightly.  This  region  may  be  thought  of  as  a region  of  essentially  reflected 
impulse  and  corresponds  to  the  region  of  essentially  reflected  pressure 
previously  discussed.  For  values  of  x/R  greater  than  0.5,  the  impulse  de- 
clines more  rapidly. 

Figure  16  presents  the  impulse  generated  by  the  grouped  array  at 
three  different  scaled  distances.  The  general  trend  exhibited  hv  the  single 
charge  tests  is  followed  by  the  grouped  array  tests.  Note  that  the  dispar- 
ity between  the  single  charge  and  the  grouped  array  tests  is  not  as  great 
as  was  true  for  pressure.  This  is  particularly  true  at  x/R  = 0,  where  the 
impulse  measured  for  the  grouped  array  essentially  equaled  the  single  charge 
results.  As  is  expected  the  impulses  for  the  grouped  array  appear  to  con- 
verge towards  the  single  charge  results  for  larger  values  of  x/R. 
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Figures  17  and  18  present  the  variation  in  impulse  for  horizontal 
arrays  due  to  variation  in  charge  standoff  and  charge  spacing.  Note  that 
the  position  of  the  chatges  has  been  included  in  these  figures  as  was  done 
in  the  previous  section.  All  of  the  trends  discussed  in  the  previous  sec- 
tion for  peak  pressure  are  directly  applicable  to  the  impulse  curves, 
seen  in  Figure  17,  a region  of  enhanced  impulse  is  found  between  the  tw. 
nearest  charges.  This  region  of  enhanced  response  is  more  pronounced  than 
for  pressure  (Figure  12).  The  enhanced  impulse  is  probably  caused  partially 
by  the  contribution  to  the  impulse  from  the  third  charge  and  by  a slight 
elongation  of  the  positive  duration.  The  effect  of  varying  the  charge  spac- 
ing on  impulse  is  shown  in  Figure  18.  Notice  that  the  general  shape  of  the 
impulse  curves  are  quite  similar  to  the  pressure  curves  shown  in  Figure  13, 
but  discrepancies  between  the  horizontal  array  and  the  single  charge  re- 
sults are  generally  more  pronounced.  The  one  exception  to  this  observation 
occurs  when  the  charges  were  spaced  the  farthest  apart.  Series  Q.  Here  the 
Impulse  is  nearly  constant  at  450  Pa-s/kg^'^  (50  psi-ms/lb^ over  the 
entire  range  of  x/R.  Another  observation  which  can  be  drawn  from  the  hor- 
izontal array  tests,  Figures  17  and  18,  is  that  as  x/R  becomes  large,  the 
curves  for  the  single  and  horizontal  array  Impulse  begin  to  converge.  This 
is  particularly  apparent  for  the  curves  shown  in  Figure  17.  For  wide  charge 
spacings,  (Scries  Q) , the  point  at  which  the  two  curves  begin  to  overlap  is 
beyond  the  range  of  x/R  tested. 

The  impulse  resulting  from  three  charges  placed  in  a vertical  array 
are  shown  in  Figure  19.  The  variations  in  impulse  with  x/R  is  virtually 
the  same  as  for  pressure  (Figure  14),  and  therefore  the  comments  made  in 
the  section  for  pressure  are  directly  applicable  to  Figure  19, 


Durat  ion  Da t a 

The  dui  at.  ion  data  accumulated  during  this  program  are  given  in  Figures 
20-24.  All  of  the  duration  data  are  presented  in  a scaled  format  as  required 
by  Equation  10.  For  multiple  eharge  tests,  the  duration  is  sealed  by  the 
total  charge  weight  detonated  rather  than  by  the  weight  of  an  individual 
eharge.  Seatter  in  the  data  is  greater  for  duration  than  for  any  other  par- 
ameter measured  during  the  program.  The  factors  contributing  to  the  scatter 
ere  the  same  which  affect  the  reproducibility  of  the  impulse  measurements: 
thermal  drift  and  uncertainty  in  determining  the  time  at  which  the  pressure 
drops  below  the  time  axis.  Several  observations  can  be  drawn  from  Fig- 
ures 20-24,  which  apply  to  all  charge  geometries.  First,  the  general  trend 
is  for  the  Inrution  to  gradually  increase  as  x/R  gets  larger.  The  duration 
measurements  were  seldom  below  0.15  ms/kgl/3  (0.115  ms/lbl/3)  or  greater 
than  1.0  ms/lb1'^  (0.7b8  ms/lb1^);  a change  of  less  than  one  decade. 
Apparent  exceptions  to  this  observation  are  found  in  the  duration  measure- 
ments for  the  horizontally  spaced  charges  (Figure  22)  where  the  duration 
declines  direct.-,  under  the  outside  charge.  Note,  however,  that  as  x/R 
increases  from  zero,  the  duration  increases  until  the  measuring  point  is 
halfway  between  charges.  Further  increases  in  x/R  moves  the  measuring  point 
closer  to  the  outside  charge,  and  the  duration  in  turn  decreases  until  the 
measuring  point  is  directly  under  the  charge.  Beyond  this  value  of  x/R, 
the  duration  increases  monotomlcally . Except  for  the  decrease  in  the  dura- 
tion directly  under  the  outside  charge  for  the  horizontal  array,  no  signi- 
ficant variation  in  the  durnticn  with  charge  geometry  was  observed. 


T tme__o  f Ar  r iva  1 Da  La 

The  time  of  arrival  of  the  initial  shook  front  Is  shown  in  Figure  .'V 
All  of  the  arrival  time  data  are  presented  in  a sealed  format  as  dictated  by 
Equation  9.  Scatter  in  the  data  is  the  smallest  observed  during  the  program 
All  of  the  plots  in  Figure  25  present  the  initial  shook  front  arrival  at 
eaeh  gage.  The  distanee  which  is  used  to  calculate  ?.  for  each  point  is  the 
distance  from  the  gage  to  the  nearest  charge.  The  charge  weight  used  to 
scale  the  time  of  arrival  and  in  computing  the  sealed  distance  is  the  total 
charge  weight  detonated  for  single  charge,  grouped  and  vertical  array  tests, 
but  the  weight  of  an  individual  charge  t or  the  horizontal  array  tests.  The 
sealing  relat lonships  fot  arrival  time  collapse  the  data  to  where  all  four 
charge  geometries  could  be  plotted  on  one  figure  without  increasing  the 
scatter  apprec lahlv. 


Comparison  of  S ingle  Charge  Results 

Pressure  and  impulse  are  most  often  presented  as  plots  of  either  nor- 
mally reflected  or  side-on  parameters  as  a function  of  the  sealed  distance  . 
However,  for  many  applications  it  is  desirable  to  know  the  pressure  acting, 
on  a reflecting  surface  at  positions  where  neither  side-on  nor  normally 
reflective  measurements  are  appropriate.  For  this  reason.  Figures  2n  and 
27  represent  a composite  of  data  from  this  report  and  from  references  7 
and  l>.  In  these  figures  the  peak  pressure  and  th*'  scaled  specific  impulse 
arc  plotted  as  a function  of  the  scaled  position  x/R.  Each  curve  in  these 
figures  is  tor  a different  value  of  the  scaled  standoff  distance  7.  , and  this 
value  is  indicated  on  the  legend  in  the  upper  left  hand  corner  of  the  figures. 
Note  that  the  charge  weight  used  in  computing  7.  and  in  scaling  the  impulse 
is  the  equivalent  weight  of  TNT  and  not  the  weight  of  the  explosive  ttselt. 
This  wets  done  because  different  explosives  were  used  to  generate  the  ori- 
ginal delta.  For  example,  the  data  from  this  report  are  based  on  measurements 
with  I'entolite.  Data  from  references  8 and  9 are  based  on  limited  measure- 
ments with  Pentolite  and  primarily  Composition  C-4  measurements. 
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CONCLUSIONS  AND  RECOMMENDATIONS 


A total  of  44  tests  was  conducted  at  scaled  distances  ranging  from 
0.335  m/kg1/3  (0.84  ft/lb1/3)  to  1.18  m/kg1/3  (3.0  ft/lb1^).  Four  differ- 
ent charge  geometries  were  studied:  single  charges  and  grouped,  horizontal 
and  vertical  arrays.  Based  on  the  results  of  these  tests  the  following 
observations  can  be  made: 

(1)  The  validity  of  the  model  law  has  been  verified  for  single  charges 
by  numerous  researchers  (2,  3,  4),  which  is  consistent  with  the 
single  charge  data  contained  in  this  report.  No  attempt  to  verify 
the  m .el  law  for  multiple  detonations  was  made  during  this  project. 

(2)  The  pressure  and  impulse  for  grouped  arrays  at  small  scaled  dis- 
tances are  lower  than  for  single  charges.  The  disparity  between 
grouped  array  and  single  charge  pressure  is  more  pronounced  than 
for  impulse. 

(3)  For  horizontal  arrays,  regions  exist  where  the  pressure  and 
impulse  exceed  what  would  be  expected  from  a single  charge. 

The  locatior  of  maximum  response  is  dependent  on  the  charge 
spacing  and  the  standoff  distance  , but  generally  is  found 
halfway  between  charges.  Other  regions  of  enhanced  pressure 
and  impulse  exist  just  beyond  the  outside  charge.  For  very 
wide  charge  spacings>  the  pressure  and  impulse  at  nearly  con- 
stant over  the  entire  range  in  x/R.  For  very  narrow  charge 
spacings,  the  regions  of  enhanced  pressure  are  less  pronounced 
than  for  intermediate  charge  spacings. 

(4)  Only  one  combination  of  charge  spacings  and  standoff  distances 
was  investigated  for  vertical  arrays.  The  results  indicated 
that  two  regions  of  enhanced  pressure  and  impulse  exist:  one 
directly  under  the  vertical  array  and  another  for  x/R  > 1.5. 

(5)  The  tests  conducted  verified  the  expectation  that  at  large 
scaled  distances,  the  blast  parameters  measured  for  multiple 
charges  could  approach  those  of  a single  charge.  The  distance 
at  which  the  curves  begin  to  coalesce  is  apparently  the  great- 
est for  widely  spaced  horizontal  arrays  and  the  smallest  for 
grouped  arrays. 

(6)  No  significant  variations  in  the  positive  duration  were  observed 
for  the  different  test  geometries. 

Based  on  the  above  observations,  the  following  recommendations  are  made: 

(1)  Although  the  scaling  law  has  not  been  verified  for  multiple 
detonations,  the  measurements  in  this  report  can  be  used  to 
obtain  a more  racional  design  for  munition  processing  plants. 

Caution  should  be  exerc ised,  however , when  extrapolation  of 
these  results  is  required  beyond  the  scaled  distances,  posi- 
tions, or  charge  sizes  tested. 
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(2)  Multiple  detonation  testa  with  several  different  charge  size 
and  standoff  distance  combinations  should  be  planned  to  verify 
the  complete  model  analysis. 

(3)  Only  one  combination  of  scaled  distance  and  charge  spacing  was 
Investigated  for  vertical  arrays.  These  tests  should  be  repeated 
to  determine  whether  the  trends  described  in  (4)  of  the  conclu- 
sions will  exist  for  other  values  of  Z and  s/r. 

(4)  The  gage  placement  for  the  horizontal  array  tests  resulted  in 
poor  resolution  of  the  variation  In  response  as  a function  of 
x/R.  particularly  In  the  region  between  charges.  Should  tests 
of  this  nature  be  repeated  In  the  future,  more  measurement  posi- 
tions should  be  provided  in  this  critical  region. 

(5)  Computer  programs  which  could  predict  the  pressure  and  impulse 
acting  on  a barrier  due  to  multiple  charge  detonations  do  not 
exist  at  the  present  time.  A three  dimensional  program  would 

be  required,  and  even  If  available  would  be  very  expensive  to  run. 
A cheaper  and  probably  as  accurate  prediction  technique  can  be 
devised,  based  on  empirical  observation  and  Equations  8-10. 
However,  the  data  presented  in  this  report  are  probably  in- 
sufficient to  accomplish  this  goal.  Therefore,  further  multi- 
ple detonation  tests  should  be  conducted  and  an  attempt  should 
be  made  to  generate  empirical  prediction  techniques. 
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FIGURE  8 . CALIBRATION  TRACES  FOR  PRESSURE  TRANSDUCERS 
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FIGURE  10.  PEAK  PRESSURE  FOR  SINGLE  CHARGE  TESTS  (CONT'D) 
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FIGURE  11.  PEAK  PRESSURE  FOR  GROUPED  ARRAY  TESTS  (CONT'D) 
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FIGURE  12.  PEAK  PRESSURE  VARIATIONS  DUE  TO  CHARGE 
STANDOFF  FOR  HORIZONTAL  ARRAY  TESTS 
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FUWKE  21.  POSITIVE  DURATION  FOR  GROUPED  ARRAY  TESTS  (CONT'D) 
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FIGURE  24.  POSITIVE  DURATION  FOR  VERTICAL  ARRAY  TESTS 
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FIGURE  25c.  ARRIVAL  TIME  OF  INITIAL  SHOCK  FRONT 
FOR  A HORIZONTAL  ARRAY  TESTS 
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APPENDIX 
DATA  SUMMARIES 

Table  A.l  Metric  Unit  Summary 

Single  Charge  Tests 
Grouped  Array  Tests 
Horizontal  Array  Tests 
Vertical  Array  Tests 

Table  A. 2 English  Unit  Summary 

Single  Charge  Tests 
Grouped  Array  Tests 
Horizontal  Array  Tests 
Vertical  Array  Tests 
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